( . R e c e i v e d 11 March 1941)
The presence on X-ray diffraction patterns of anomalous reflexions, th a t is to say, reflexions which cannot be accounted for by the simple theory of diffraction, is almost a commonplace. Many of these effects are no doubt to be ascribed to imperfections in the specimen, strains, etc., but even after these have been taken into account there remain streaks and spots for which there is no satisfactory explanation. The observation of effects of the type considered here is by no means novel; Friedrich (1913) recorded them as radial streaks running through the Laue spots in a photo graph of KC1. The extra spots are generally very weak compared with the normal Laue reflexions and indeed may not be observed at all unless the photographs are somewhat over-exposed. They are most easily observed on Laue photographs taken with a tube emitting a characteristic radiation such as the K radiation of Cu or Ag, and their study will be greatly facilitated by the use of powerful sources of monochromatic radiation.
My own interest in background reflexions arose in the first place from a study of an age-hardening alloy of aluminium with 4 % of copper (Preston, 1938) . Laue photographs of single crystals of this alloy aged at room temperature showed a number of streaks which changed in intensity as the hardening process continued. When the Laue photograph was taken 2 G. D. Preston with radiation from a copper or silver target, so th at there was an intense beam of K characteristic radiation superimposed on the white radiation, there appeared on some of the streaks spots caused by the characteristic radiation. All these effects could be explained by the segregation of the relatively heavy copper atoms in very small groups of the form of thin plates on the (100) planes of the aluminium matrix. At room temperature the hardening process reaches a final state in about four days, but even when photographs were taken within 1 hr. of quenching the crystal, there were some traces of background reflexions present. I t was im portant to ascertain whether these weak reflexions were due to some segregation taking place during the quench and the time of photographing the crystal or whether they were characteristic of the solid solution. To settle the question a Laue photograph was taken with the crystal at a temperature of 500° C, so that all the copper atoms should be in solution and no anomalous reflexions should be observed. All the effects which had been ascribed to the hardening process did in fact disappear from the high temperature photograph, but some new spots appeared. Further investiga tion showed that these were present on Laue photographs of single crystals of pure aluminium, and were therefore not due to the presence of copper in the alloy. At elevated temperatures the diffuse background was much more intense than at room temperature. In fact these diffuse spots are so wT eak at room temperature that with an aluminium crystal and copper radiation prolonged exposure is necessary for their detection. Using radiation from a silver target and a ' Fluorazure ' screen, they can be recorded in 10-15 min. (Preston, 1939) .
The general appearance of the background on Laue photographs taken with radiation from a silver target is shown in the photographs reproduced in the paper already referred to.
The fact th at this background of diffuse spots becomes so much more intense as the temperature is raised and th a t the increase and decrease could be repeated by raising and lowering the temperature, showed th a t these reflexions were connected in some way with the temperature of the crystal and were not to be ascribed to any mechanical strain or imper fection caused by changing the temperature. I t was therefore natural to seek an explanation of their presence in the disturbing influence of the Debye thermal spectrum on the regular arrangement of the atoms in the crystal. The only theory of the effect of temperature on X-ray reflexions with which I was acquainted in 1938 when these experiments were done was that due to Darwin and Debye. In these investigations attention was confined to the normal reflexions and the way in which their intensity diminished with rise of temperature as a result of thermal agitation of the atoms. The background was not considered and the theory did not indicate th at energy would be scattered in other than the normal directions. Nevertheless, it seems clear th a t if the normal reflexions diminish in intensity, i.e. less energy is scattered in these directions, then since the scattering power of each atom remains unchanged with rise of temperature, some energy must appear in other directions and will form a background to the normal reflexions. At a later date Faxen (1923) developed a theory of the effect of temperature on X-ray reflexion which led him to the belief th a t the streaks observed by Friedrich in a Laue photograph of KC1 were due to the thermal vibrations of the lattice. The theory is exceedingly complex-so much so th a t Faxen did not predict any general background such as th at observed. It is probable th a t Faxen's theory does in fact contain all the information required to analyse the pictures but it is not in a readily available form for comparison with experiment, with the exception of one approximate formula to which I will refer later. It is not difficult to see that the existence of a wave-like disturbance of the geometrically regular atomic pattern will produce some sort of back ground scattering. It is, however, by no means so easy to see th at this background will have a number of maxima such as are observed. The simplest way of describing the effect of a disturbance is by means of reciprocal space. The normal spectra are represented in figure 16 bv the points P (h, k, l) in reciprocal space, h, k, l being integers. If a plane wave travels along the h axis with wave-length pa, say, (p> 2), then two extra spectra appear associated with each point k, l represented by the points
Ip ,k , l) in reciprocal space. In general it will require three numbers p, q, r to define the direction of propagation of a plane wave, figure la, just as it requires three integers to specify the 'order' of the diffraction spec trum of a three-dimensional grating. This gives rise to eight 'ghosts' associated with each integral point (h, k, l) at the eight points, such as Q, figure 16 , (h±l/p, k±l/q,l±l/r) when positive and negative signs are distributed among the three numbers p, q, r. A reflexion will be recorded from one of these points if, and only if, it lies on the sphere of reflexion so th a t Bragg's law is satisfied, but for a fictitious plane with non-integral indices. The intensity associated with these new reflexions is determined by the amplitude of the wave and the calculation of this is the most difficult part of the theory, depending on the propagation of elastic waves in the crystal. The photographs show very clearly th a t the background intensity is by no means uniform but, in the cases examined, is much greater near the normal reflexion, th at is for large p, q, r or long waves.
So far the explanation of the background is not difficult; but the theory of Faxen which takes account of all the waves which can be transm itted through the crystal becomes exceedingly complex. So much so th a t the implications of his investigations have lain concealed in a mass of m athe matical symbolism for over fifteen years. For this reason it seemed to be worth while attempting to give a simpler picture of the sort of imperfection of the crystal which would account for the observed effects. As a result of an analysis of the photograph of aluminium, I was led to suggest th a t the spots could be accounted for by the diffraction pattern of a small group of atoms in close packed array. This picture is not to be taken in any way as an exact representation of the state of the crystal but rather as a sub stitute for a very complex state of affairs. Sir William Bragg has recently examined the spectrum of diffuse spots of KC1 and has shown th a t even when the incident beam is inclined to the cube edge the pattern can be, a t any rate approximately, explained by diffraction of a simple cube of eight neighbouring atoms. The case of NaCl also falls into line as the accom panying diagram (figure 2) shows. Here the dotted lines and circle are minima of intensity and correspond very closely with the faint background of the photograph (figure 3) taken with silver target. The full circle repre sents a region of maximum intensity and there is a recrudescence of anomalous spots in this region. There seems to be no doubt th a t this idea of diffraction by small groups of atoms does give an approximately correct account of the observed maxima. Moreover, it seems natural to suppose that any atom if displaced will carry its neighbours to some extent with it, so that on this ground the idea is plausible. Nevertheless, it must not be taken as anything more than a first approximation to the complete theory of Faxen.
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' O S ® M# WO NaCI F ig u r e 2. Minima of intensity are to be expected along the dotted lines and circle: maxima at the centre and near the full circle, cf. figure 3.
F ig u r e 3. Sodium chloride at 300° C.
I have alluded above to an approximate formula given by Faxen which defines the position of one of the anomalous spots with reference to the angles which the incident and diffracted rays make with the nearest crystal plane. Denoting these angles by 0 and < j), the formula is In my original analysis I showed th at the observed spot fell on the line PC provided PQ were not too large. If now CN is the normal to OP, then the glancing angles of incidence 6 and of diffraction (f> are as shown and the formula of Faxen follows at once. I t will be observed th a t when 6 is equal to < j> the formula reduces to Bragg's law, and it has in fact been put forward in several quarters as a modification of Bragg's law. At the P F ig u r e 4. Geometrical interpretation of Faxen's rule.
time when I was engaged on the study of the pattern of aluminium I was aware of the existence of this formula of Faxen's, but I was not prepared to admit any necessity for abandoning a law which I believed could not be modified in any circumstances. Although the experiments I have described do in fact confirm the accuracy of Faxen's formula, I still think th at it is of little use to attem pt to describe the observed maxima in the form of a modification of Bragg's law. In the particular case illustrated in the figure when Q , lies on the line PC the angles d, < /> are very simply related to the spacing d and wave-length A. But if Q lies elsewhere, the relation will become much more complex. In general there does not appear to be any necessity for Q to be coplanar with 0, C and P. The attem pt to represent the temperature spots by means of a modified Bragg's law is the outcome of an attitude of mind which regards these spots as abnormal reflexions from the crystal plane P. This seems to me to be a mistaken view and I much prefer to think of these spots as normal re flexions from the fictitious plane Q, the indices of which are not integers. We are primarily concerned with the determination of the intensity of reflexion associated with every point in reciprocal space; the intensity maxima are naturally of great importance but their relation to the integral points is of secondary importance. We should therefore be prepared to admit fractional values of h, k, l and to regard the d o function of the three continuously variable numbers h, k, l.
The author's work described above has been carried out as part of the research programme of the National Physical Laboratory, and this paper is published by permission of the Director of the Laboratory.
